Previously we demonstrated, in rats, that treatment with growth hormone (GH) and rehabilitation, carried out immediately after a motor cortical ablation, significantly improved the motor affectation produced by the lesion and induced the re-expression of nestin in the contralateral motor cortex. Here we analyze cortical proliferation after ablation of the frontal motor cortex and investigate the re-expression of nestin in the contralateral motor cortex and the role of the striatum and thalamus in motor recovery. The rats were subjected to ablation of the frontal motor cortex in the dominant hemisphere or sham-operated and immediately treated with GH or the vehicle (V), for five days. At 1 dpi (days post-injury), all rats received daily injections (for four days) of bromodeoxyuridine and five rats were sacrificed at 5 dpi. The other 15 rats (n = 5/group) underwent rehabilitation and were sacrificed at 25 dpi. GH induced the greatest number of proliferating cells in the perilesional cortex. GH and rehabilitation produced the functional recovery of the motor lesion and increased the expression of nestin in the striatum. In the thalamic ventral nucleus ipsilateral to the lesion, cells positive for nestin and actin were detected, but this was independent on GH. Our data suggest that GH-induced striatal nestin is involved in motor recovery.
Introduction
Traumatic brain injury (TBI) represents one of the biggest health problems in developed countries, both because of the number of deaths it causes as well as the high percentage of those affected who suffer from some type of motor and/or cognitive disability as a result of the injury. TBI directly affects the meningeal or brain cranial structures, causing an alteration in neurological function due to the damage suffered by neurons, glial cells, and blood vessels located in the damaged area. A major problem in the treatment of patients who survive a TBI is the poor endogenous potential for recovery preference was established by the fourth session, and the paw used was considered the preferred paw. When the percentage of attempts with the right or left paw was between 85% and 100%, a rat was classified as right-handed or left-handed. The animals were considered well trained when the percentage of successful responses was ≥60% during two consecutive sessions. To distribute the animals in the different experimental groups, the average of the results obtained in the last two sessions of this phase was taken. Therefore, as Figure 1 shows, both the percentage of successful responses (A) and the total number of responses (B) were similar in all experimental groups ( Figure 1A allowed us to establish the spontaneous limb preference during training. In all animals, the limb preference was established by the fourth session, and the paw used was considered the preferred paw. When the percentage of attempts with the right or left paw was between 85% and 100%, a rat was classified as right-handed or left-handed. The animals were considered well trained when the percentage of successful responses was ≥60% during two consecutive sessions. To distribute the animals in the different experimental groups, the average of the results obtained in the last two sessions of this phase was taken. Therefore, as Figure 1 shows, both the percentage of successful responses (A) and the total number of responses (B) were similar in all experimental groups ( Figure  1A PRE, F2,12 = 0.477; Figure 1B PRE, F2,12 = 0.140). The effectiveness of the cortical ablation was tested at 7 dpi (days post-injury). Frontal motor cortical ablation was very important and homogeneous (size and location), as in other studies from our group [35, 36, 41] . Lesions were restricted to the primary (M1) and secondary (M2) motor cortex areas. ANOVA indicated significant differences between groups (F2,12 = 8.956, p ≤ 0.01). The percentage of successful responses was maintained in the control group (CV1), but significantly decreased in all animals with cortical ablation (Bonferroni post hoc test, p ≤ 0.0001), ( Figure 1A POST). Some of these lesion animals changed their preferred paw (disuse of the paw contralateral to the lesion and proportionately increased reliance on the paw ipsilateral to the lesion), while others continued to use the preferred paw, although in this case the number of successful responses clearly Figure 1 . Effectiveness of the treatment with GH and rehabilitation. Animals treated with GH (LGH1, red graph) or vehicle (LV1, green graph) immediately after cortical ablation. Results obtained in the paw-reaching-for-food task with the preferred paw (impaired paw) at the presurgical phase, (PRE), 7 dpi (days post-injury) (POST) and rehabilitative therapy (at 8 dpi). (A) Mean percentage of successful responses (successful responses/total number of responses). (B) Mean of the total number of responses (successful plus unsuccessful with both paws). The rehabilitative therapy consisted in the obliged use of the impaired paw, in daily sessions of 3 min for nine consecutive days. Significance levels are done with respect to the sham-operated control group (CV1, blue graph). *** p < 0.001; ** p < 0.005; * p < 0.01 (Bonferroni test). The x-axis indicates days.
The effectiveness of the cortical ablation was tested at 7 dpi (days post-injury). Frontal motor cortical ablation was very important and homogeneous (size and location), as in other studies from our group [35, 36, 41] . Lesions were restricted to the primary (M1) and secondary (M2) motor cortex areas. ANOVA indicated significant differences between groups (F 2,12 = 8.956, p ≤ 0.01). The percentage of successful responses was maintained in the control group (CV1), but significantly decreased in all animals with cortical ablation (Bonferroni post hoc test, p ≤ 0.0001), (Figure 1A POST) . Some of these lesion animals changed their preferred paw (disuse of the paw contralateral to the lesion and proportionately increased reliance on the paw ipsilateral to the lesion), while others continued to use the preferred paw, although in this case the number of successful responses clearly decreased.
Regarding the total number of responses, the global ANOVA did not show significant differences between groups (Figure 1B POST).
All animals underwent rehabilitation therapy, beginning at 8 dpi, in daily sessions of 3 min, for nine consecutive days (see the experimental design in Section 4). The rehabilitation consisted in the forced use of the impaired paw (preferred paw) by means of a bracelet fitted on the nonpreferred paw. Two-way (group and session) ANOVA showed significant differences between groups (F 2,12 = 15.52; p ≤ 0.0005). In all groups the number of successful responses was increasing throughout the rehabilitation sessions, therefore a significant session effect was found (F 8,96 = 4.85, p ≤ 0.0001). Conversely, the interaction group x session was not significant (F 16,96 = 0.473). The partial ANOVA tests indicated significant differences between groups from the fourth to the ninth sessions of rehabilitation. However, the Bonferroni post hoc test indicated that the percentage of successful responses throughout the sessions clearly increased in animals treated with GH immediately after the cortical ablation (LGH1). As Figure 1A shows, the performance in the paw reaching test of the animals treated with GH was similar to that of the animals of the control group throughout the nine rehabilitation sessions ( Figure 1A ). This significant improvement was not observed in lesion animals treated with vehicle (LV1); in them, a lower percentage of successful responses, statistically significant, was observed as compared to control animals or animals treated with GH ( Figure 1A ; significance levels are done with respect to the sham control group, CV1). The total number of responses was similar in all the experimental groups; therefore, no significant differences were observed among them (F 2,12 = 0.908) ( Figure 1B ). However, since all groups progressively increased the number of total responses throughout the rehabilitative sessions a marked session-effect (F 8,96 = 17.69, p ≤ 0.0001) existed. The interaction of group x session was not significant (F 16,96 = 1.603).
Cortical Cell Proliferative Response in Animals Treated with GH or Vehicle after Motor Cortical Ablation
To determine the cortical cell proliferative response in animals treated with GH or vehicle after motor cortical ablation, rats were injected with the mitotic marker bromodeoxyuridine (BrdU). In animals with cortical ablation treated with GH and sacrificed at 5 dpi, a large number of BrdU+ cells in the perilesional motor cortex was detected. This BrdU labeling was significantly higher in animals treated with GH than in animals treated with vehicle (p < 0.0001) (Figure 2A ,C,E). However, in the perilesional motor cortex of animals treated with GH or vehicle, no doublecortin (DCX) labeling, a marker of proliferating neuroblasts, was observed ( Figure 2B ,D).
To evaluate the functional benefits of the GH treatment, in the other group of animals treated with GH or vehicle that were sacrificed at 25 dpi, a notably decrease of proliferating cells (BrdU+) in the perilesional motor cortex was observed ( Figure 3 ), in comparison to animals sacrificed at 5 dpi ( Figure 2 ). Furthermore, a smaller number of BrdU+ cells were detected in the perilesional motor cortex of animals treated with GH ( Figure 3A ,B) as compared to animals treated with vehicle ( Figure 3C ,D); however, although statistically significant, the magnitude of the differences was small (p < 0.05). Some BrdU+ cells showed a bigger size, probably corresponding to reactive astrocytes and some formed clusters or chains ( Figure 3B ,D). BrdU+ cells were also detected, scattered in the adjacent somatosensorial cortex and in the corpus callosum ( Figure 3A ). In control animals, some few BrdU+ cells were observed in the cortex underlying the region where the sham operation was performed, probably due to slight damage in that area, suggesting that sham operation was similar to a mild lesion.
Figure 2.
Cell proliferation in the perilesional motor cortex of animals sacrificed at 5 dpi. BrdU and doublecortin (DCX) labeling in the perilesional primary motor cortex, M1 (red rectangle in the scheme) of animals treated with GH (A,B) or vehicle (C,D), immediately after cortical ablation and sacrificed at 5 dpi. Coronal sections at +2.52 mm from Bregma. Scale bar = 200 µm. In E is shown the significant increase in BrdU-labeled cells (mean + SEM, n = 2) observed in GH-treated animals compared to vehicle-treated animals. (F) positive control of the DCX labeling in the subventricular zone (SVZ) of the lateral ventricle. In the scheme, the black image indicates the place where the ablation was produced. *** p < 0.0001 (Student's t-test).
To evaluate the functional benefits of the GH treatment, in the other group of animals treated with GH or vehicle that were sacrificed at 25 dpi, a notably decrease of proliferating cells (BrdU+) in the perilesional motor cortex was observed ( Figure 3 ), in comparison to animals sacrificed at 5 dpi ( Figure 2 ). Furthermore, a smaller number of BrdU+ cells were detected in the perilesional motor cortex of animals treated with GH ( Figure 3A ,B) as compared to animals treated with vehicle ( Figure  3C ,D); however, although statistically significant, the magnitude of the differences was small (p < 0.05). Some BrdU+ cells showed a bigger size, probably corresponding to reactive astrocytes and some formed clusters or chains ( Figure 3B ,D). BrdU+ cells were also detected, scattered in the adjacent somatosensorial cortex and in the corpus callosum ( Figure 3A ). In control animals, some few BrdU+ cells were observed in the cortex underlying the region where the sham operation was performed, probably due to slight damage in that area, suggesting that sham operation was similar to a mild lesion. In animals treated with GH and sacrificed at 5 dpi, the contralateral motor cortex showed some BrdU+ cells dispersed in the motor cortex ( Figure 4A ). In animals treated with vehicle, a notably decrease of BrdU+ cells in the motor cortex, in comparison with animals treated with GH, was observed ( Figure 4C ). This BrdU labeling was significant higher in animals treated with GH than in In animals treated with GH and sacrificed at 5 dpi, the contralateral motor cortex showed some BrdU+ cells dispersed in the motor cortex ( Figure 4A ). In animals treated with vehicle, a notably decrease of BrdU+ cells in the motor cortex, in comparison with animals treated with GH, was observed ( Figure 4C ). This BrdU labeling was significant higher in animals treated with GH than in animals treated with vehicle (p < 0.001) ( Figure 4A ,C,F). However, in the contralateral motor cortex of animals treated with GH or vehicle, no doublecortin (DCX) labeling was detected ( Figure 4B ,D). animals treated with vehicle (p < 0.001) ( Figure 4A ,C,F). However, in the contralateral motor cortex of animals treated with GH or vehicle, no doublecortin (DCX) labeling was detected ( Figure 4B ,D). In the contralateral motor cortex of animals treated with GH, some few BrdU+ cells dispersed in the M1 cortex were detected at 25 dpi ( Figure 5A ). In the secondary motor and cingulate cortices (M2/Cg1), a slight increase of BrdU+ cells was observed, mainly in layer I ( Figure 5B ). These BrdU immunostaining was similar to that found in control animals. In animals treated with vehicle, a In the contralateral motor cortex of animals treated with GH, some few BrdU+ cells dispersed in the M1 cortex were detected at 25 dpi ( Figure 5A ). In the secondary motor and cingulate cortices (M2/Cg1), a slight increase of BrdU+ cells was observed, mainly in layer I ( Figure 5B ). These BrdU immunostaining was similar to that found in control animals. In animals treated with vehicle, a significant increase of BrdU + cells in M1 and M2/Cg1 cortices, in comparison with animals treated with GH, was detected ( Figure 5C 
Nestin Expression in the Striatum and Thalamus of Animals Treated with GH or Vehicle after Cortical Ablation
In the striatum of animals treated with GH, nestin expression was detected in the striatal white matter, mainly ipsilateral to the lesion; highlighting the presence of cells nestin+ with a morphology similar to reactive astrocytes and fibrillar structures. Therefore, it is likely that nestin immunoreactivity (ir) corresponds to astrocytic prolongations ( Figure 6A ). This nestin immunostaining in the striatal white matter was observed in the dorsal striatum (at +2.4 mm from Bregma) and, at more caudal sections (from Bregma +1.08 mm to Bregma −0.12 mm) in the 
In the striatum of animals treated with GH, nestin expression was detected in the striatal white matter, mainly ipsilateral to the lesion; highlighting the presence of cells nestin+ with a morphology similar to reactive astrocytes and fibrillar structures. Therefore, it is likely that nestin immunoreactivity (ir) corresponds to astrocytic prolongations ( Figure 6A ). This nestin immunostaining in the striatal white matter was observed in the dorsal striatum (at +2.4 mm from Bregma) and, at more caudal sections (from Bregma +1.08 mm to Bregma −0.12 mm) in the medial-central striatum. This nestin expression at the striatal white matter, ipsilateral to the lesion, was markedly lower in animals treated with vehicle ( Figure 6B ). In control animals, nestin expression was restricted to blood vessels ( Figure 6C ). At the medial/ventral striatum, ipsilateral to the lesion, of animals treated with GH or vehicle, some cells nestin+ with a neuronal morphology, scattered in the striatal gray matter, were detected ( Figure 6D ,E).
In controls, at the medial/ventral striatum, nestin expression was restricted to blood vessels and occasionally was seen some few cells weakly nestin+ with a neuronal morphology ( Figure 6F ). In the striatum contralateral to the lesion, occasionally some few fibrillar structures nestin + located at the striatal white matter, probably corresponding to astrocytic prolongations, were detected; in addition, at the medial/ventral striatum, some few cells nestin + with neuronal morphology were observed. medial-central striatum. This nestin expression at the striatal white matter, ipsilateral to the lesion, was markedly lower in animals treated with vehicle ( Figure 6B ). In control animals, nestin expression was restricted to blood vessels ( Figure 6C ). At the medial/ventral striatum, ipsilateral to the lesion, of animals treated with GH or vehicle, some cells nestin+ with a neuronal morphology, scattered in the striatal gray matter, were detected ( Figure 6D ,E). In controls, at the medial/ventral striatum, nestin expression was restricted to blood vessels and occasionally was seen some few cells weakly nestin+ with a neuronal morphology ( Figure 6F ). In the striatum contralateral to the lesion, occasionally some few fibrillar structures nestin + located at the striatal white matter, probably corresponding to astrocytic prolongations, were detected; in addition, at the medial/ventral striatum, some few cells nestin + with neuronal morphology were observed. In the thalamus of animals treated with GH (LGH1 group) or vehicle (LV1 group), nestin expression was detected in the thalamic ventral nucleus, ipsilateral to the lesion (ventrolateral, VL, and anterior ventral, VA, nuclei). This expression of nestin was observed in fibrillar structures, probably corresponding to prolongations of microglia cells, being similar in groups LGH1 and LV1 ( Figure 7A ,B,D). Conversely, no nestin-ir was observed in the thalamus contralateral to the lesion. In controls, the expression of nestin was restricted to blood vessels ( Figure 7C ). In the thalamus of animals treated with GH (LGH1 group) or vehicle (LV1 group), nestin expression was detected in the thalamic ventral nucleus, ipsilateral to the lesion (ventrolateral, VL, and anterior ventral, VA, nuclei). This expression of nestin was observed in fibrillar structures, probably corresponding to prolongations of microglia cells, being similar in groups LGH1 and LV1 ( Figure 7A ,B,D). Conversely, no nestin-ir was observed in the thalamus contralateral to the lesion. In controls, the expression of nestin was restricted to blood vessels ( Figure 7C ).
Actin Expression in the Striatum and Thalamus of Animals Treated with GH or Vehicle after Cortical Ablation
Actin expression was detected in the striatum, ipsilateral to the lesion, of animals treated with GH (LGH1) or vehicle (LV1), but this expression of actin was similar in both groups, as Figure 8 shows. Fine fibers, actin+, were observed in the striatal white matter of rats treated with GH (LGH1) or vehicle (LV1) ( Figure 8A,B ). In control animals (CV1), no actin immunostaining was observed in the striatum ( Figure 8C ). No actin expression was observed in the striatum contralateral to the lesion in any of the groups studied. 
Actin expression was detected in the striatum, ipsilateral to the lesion, of animals treated with GH (LGH1) or vehicle (LV1), but this expression of actin was similar in both groups, as Figure 8 shows. Fine fibers, actin+, were observed in the striatal white matter of rats treated with GH (LGH1) or vehicle (LV1) ( Figure 8A ,B). In control animals (CV1), no actin immunostaining was observed in the striatum ( Figure 8C ). No actin expression was observed in the striatum contralateral to the lesion in any of the groups studied. 
Actin expression was detected in the striatum, ipsilateral to the lesion, of animals treated with GH (LGH1) or vehicle (LV1), but this expression of actin was similar in both groups, as Figure 8 shows. Fine fibers, actin+, were observed in the striatal white matter of rats treated with GH (LGH1) or vehicle (LV1) ( Figure 8A,B) . In control animals (CV1), no actin immunostaining was observed in the striatum ( Figure 8C ). No actin expression was observed in the striatum contralateral to the lesion in any of the groups studied. In the thalamus of animals treated with GH or vehicle, actin expression was detected in the ventral nucleus (VL and VA nuclei), ipsilateral to the lesion (Figure 9 ), but not in the contralateral hemisphere ( Figure 10 ). Actin expression was located in cells of poorly defined limits, with a robust structure and with few short and irregular prolongations; the morphological characteristics were similar to activated microglia/macrophage cells ( Figure 9A,B and Figure 10C ). No actin immunoreactivity was detected in controls ( Figure 9C ).
In the thalamus of animals treated with GH or vehicle, actin expression was detected in the ventral nucleus (VL and VA nuclei), ipsilateral to the lesion (Figure 9 ), but not in the contralateral hemisphere ( Figure 10 ). Actin expression was located in cells of poorly defined limits, with a robust structure and with few short and irregular prolongations; the morphological characteristics were similar to activated microglia/macrophage cells ( Figures 9A,B and 10C ). No actin immunoreactivity was detected in controls ( Figure 9C ). 
Discussion
Our results confirm previous studies from our group showing that the administration of GH immediately after a cortical ablation together with rehabilitation induces the functional recovery of the deficit in the manual ability caused by the injury, in adult rats [35, 36] . This recovery depends on both GH and rehabilitation since it was observed when the use of the preferred hand was forced (the hand affected by the injury) as soon as the rehabilitative therapy started, as Figure 1A shows. Our results also indicate that the ablation of the frontal motor cortex induced cell proliferation in the perilesional injured cortical area in the rats sacrificed at 5 dpi, an effect significantly enhanced by GH; this is in concordance with the findings that we observed in the hippocampus of rats in which we induced damage with kainic acid, and GH administration increased the number of newly formed neural precursors [24] . However, this marked cortical proliferation was not translated into the 
Our results confirm previous studies from our group showing that the administration of GH immediately after a cortical ablation together with rehabilitation induces the functional recovery of the deficit in the manual ability caused by the injury, in adult rats [35, 36] . This recovery depends on both GH and rehabilitation since it was observed when the use of the preferred hand was forced (the hand affected by the injury) as soon as the rehabilitative therapy started, as Figure 1A shows. Our results also indicate that the ablation of the frontal motor cortex induced cell proliferation in the perilesional injured cortical area in the rats sacrificed at 5 dpi, an effect significantly enhanced by GH; this is in concordance with the findings that we observed in the hippocampus of rats in which we induced damage with kainic acid, and GH administration increased the number of newly formed neural precursors [24] . However, this marked cortical proliferation was not translated into the appearance of neuroblasts, since we did not detect DCX labeling in the perilesional cortical area, and DCX is a marker of cells restricted to neuronal lineage or neurons [42] , although it has been described that after an injury the neuroblasts migrate from the subventricular zone (SVZ) to the site of the injury [43] . Most likely, the absence of detection of DCX labeling in our study is related to the time of the sacrifice after the injury, because it has been shown that DCX+ cells are present in the perilesional area up to only 3 dpi [44] . Therefore, the possibility that GH induced adult neurogenesis for repairing the injured area, as we previously postulated [35, 36] , cannot be excluded, although the magnitude of the lesion produced would impede any possibility of significant functional improvement (repair mechanisms may be different depending on the type of injury, its severity and the region of the brain). Moreover, it has been demonstrated that the cell proliferation observed in the perilesional cortex most likely corresponds to microglial cells and astrocytes [44] . At 25 dpi, the cell proliferation in the perilesional area was considerably lesser than that observed at 5 dpi, which is logical since BrdU decreases as cell division occurs.
We previously reported that there was a re-expression of nestin in the motor cortex contralateral to the lesion in animals treated with GH immediately after the frontal motor cortex ablation, which repaired the motor deficit [35] . This was the reason why in this study we tried to investigate whether this re-expression of nestin in the contralateral cortex occurred in newly formed cells or if it was produced in resident cells. The fact that in the current study we observed few cells BrdU+ scattered in the contralateral frontal motor cortex of GH-treated animals suggest that the re-expression of nestin in this zone would be due to mechanisms of neural plasticity in resident cells and not to neurogenesis. However, although it is not very plausible, we cannot completely rule out that the different moment of the animals' sacrifice after the injury (at 25 dpi in the present study and at eight weeks in the previous study) could have affected the results obtained.
Interestingly, we found expression of nestin in the striatum of both hemispheres of rats treated with GH and rehabilitation after the frontal motor cortex ablation, being much more marked in the ipsilateral striatum. It is well known that all areas of the cortex send excitatory glutamatergic signals to specific areas of the striatum, which also receives excitatory signals from the thalamus. The motor cortex projects mainly to the ipsilateral striatum, although it also sends projections, to a lesser extent, to the striatum of the contralateral hemisphere. Electrophysiological methods have demonstrated that the same cortical projection neuron sends its main axon to the ipsilateral striatum, but this neuron also sends a collateral branch, through the corpus callosum, which bifurcates into two branches, one of which is directed towards the homotopic contralateral cortex and the other towards the homotopic contralateral striatum [45] . In motor aspiration injuries, it has been shown that cortical neurons of the intact motor cortex not only project to the ipsilateral striatum, but also, with a minor cross-component, to the contralateral striatum to the lesion [46] . In addition, another study shows that cortical lesions cause reactive gliosis in the striatum, accompanied by a structural reorganization of the dendritic axis of striatal target neurons, as well as a replacement in the synapses by axons of the contralateral cortex [47] . All this would explain the expression of nestin observed in this study, evidenced by the labeling of reactive astrocytes, astrocyte prolongations, and neurons, in both the ipsilateral and contralateral striatum to the lesion. We found nestin+ neurons in the ventral area of the striatum in injured animals, both in those treated with GH and with the vehicle, which seems to indicate that nestin can exert neurotrophic functions after brain injury, as previously suggested [48] (in the control animals we also found a few weakly marked neurons in the ventral striatum). Moreover, we found that actin was expressed in very fine fibrillar structures, which possibly correspond to astrocyte prolongations, in the white substance of the ipsilateral striatum to the lesion; this, together with the expression of nestin in reactive astrocytes, in astrocyte prolongations and in neurons, in the ipsilateral and contralateral striatum to the lesion, suggests that nestin and actin could be involved in the neuroanatomic remodeling that the corticostriatal pathway undergoes after a cortical lesion by aspiration [46] . It is possible that the expression of actin and nestin in the striatum ipsilateral to the lesion, in animals with cortical ablation, reveals cortical-efferent plasticity mechanisms that occur in the striatum due to the lack of cortical afferents. It has been suggested that a loss of afferent signals may lead to glial activation, an increase in trophic factors or changes in local substrate molecules that affect neuronal growth [49] , which may constitute a potential strategy to improve cortical-efferent connectivity after cortical damage [46] . On the other hand, the greater expression of nestin in the striatum of animals treated with GH that functionally recovered the motor deficit caused by the injury would suggest a role of nestin in the benefits of treatment with GH and rehabilitation that would have led to the recovery of the motor deficit. The positive effects of GH on functional recovery after brain injury have already been described in many studies [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , although the exact mechanisms involved in the positive role played by GH have not yet been fully clarified.
Interestingly, we observed that after cortical ablation there was a marked expression of actin and nestin in the anterior ventral (VA) and ventrolateral (VL) thalamic nuclei ipsilateral to the lesion, both in rats treated with GH and in those who received vehicle. In rats, VA and VL are generally indistinguishable on cytoarchitectural grounds [50, 51] , and are often treated as a single nucleus, the VA/VL complex, with topographic thalamocortical projections associated with the motor cortex [52] . After brain damage or sensory deprivation, thalamocortical projections can exhibit considerable reorganization in terms of increased neural plasticity [53] .
In our study, actin labeling in the VA/VL complex was located in cells with poorly defined boundaries and few branches, a morphology similar to activated microglia/macrophage cells. It is known that the glial response to an injury involves the activation of microglia cells, together with a marked astroglial reactivity [54] . Microglial activation and proliferation are features of traumatic injury to the central nervous system [55] . Microglia/macrophage cells are able to change the length and thickness of their prolongations after an injury, and it has been suggested that actin may play a determining role in the morphological changes that underlie the phenotypic modifications of the microglia after an injury [56] . On these bases, it seems clear that the detection in our study of activated microglia/macrophage cells, actin+, in the VA/VL complex ipsilateral to the lesion, would have occurred as a consequence of the cortical ablation performed.
The expression of nestin in the VA/VL complex, ipsilateral to the lesion, was also notable, although the nestin labeling was morphologically distinct from that obtained for actin. Nestin expression occurred in nestin+ fibrillar structures, most likely corresponding to microglia cell extensions. Since nestin is a protein of intermediate class VI filaments, which are located in the cytoplasm of the cell, while actin constitutes microfilaments that are located in the proximity of the cytoplasmic membrane giving mechanical support to the cell membrane, due to its binding to it by means of membrane anchoring proteins, it is not surprising that the morphology of the actin labeling in the microglia cells does not coincide with the nestin labeling.
In any case, the expression of nestin and actin in activated microglia/macrophage cells, in the VA/ VL complex ipsilateral to the lesion, has to be due to cortical ablation, since it was observed in both injured animals treated with GH and in those treated with vehicle, indicating that the expression of these proteins is involved in the compensation mechanisms that appear after an injury to try to compensate for the damage.
In summary, in this study we demonstrated that the treatment with GH, administered immediately after the frontal motor cortex ablation, and rehabilitation, induced a functional recovery of the deficit in manual ability caused by the lesion in adult rats; we also observed that this ablation stimulated cell proliferation in the perilesional cortex and this effect was significantly enhanced by GH treatment in animals sacrificed at 5 dpi, although it decreased markedly at 25 dpi. Our data also indicate that the expression of nestin in the contralateral motor cortex in animals treated with GH that recover from their motor deficit would depend on mechanisms of neural plasticity in resident cortical cells and not on de novo neurogenesis. We also found an increase in the expression of nestin in the striatum of GH-treated rats that could be involved in the functional recovery observed in these animals after cortical ablation. This injury also induced the expression of nestin and actin in activated microglia/macrophage cells, in the VA/VL complex ipsilateral to the lesion, but this was not due to any GH effect.
Materials and Methods

Experimental Design and Behavioral Test
All procedures were approved (BIO/SA64/14, 13 November 2014) by the University of Salamanca Ethics Committee and were conducted in accordance with the animal care guidelines of the European Communities Council (2010/63/UE) and Spanish normative (RD 53/2013 and law 32/2007); efforts were made to minimize suffering and the number of animals used.
The experimental design consisted of the following phases: (i) presurgical behavioral test; (ii) ablation of the frontal cortex; (iii) treatment with vehicle (LV1 and control group CV1) or GH (LGH1), subcutaneously (s.c), immediately after the cortical ablation, and intraperitoneal (ip) BrdU/FdU administration, followed by rehabilitative therapy beginning at 8 dpi and carried out for nine days; these study phases are schematically represented in Figure 11A . Surgical procedures and sacrifice were carried out under deep anesthesia with Equithesin (Chloral hydrate/magnesium sulfate/pentobarbital sodium; 20 mg/kg, ip,). The animals were sacrificed 25 days post-injury. Other animals (n = 5) received likewise vehicle (LV2, n = 2) or GH (LGH2, n = 3) immediately after the lesion, and BrdU, but they were sacrificed at 5 dpi ( Figure 11B ), without receiving rehabilitative therapy. nine days; these study phases are schematically represented in Figure 11A . Surgical procedures and sacrifice were carried out under deep anesthesia with Equithesin (Chloral hydrate/magnesium sulfate/pentobarbital sodium; 20 mg/kg, ip,). The animals were sacrificed 25 days post-injury. Other animals (n = 5) received likewise vehicle (LV2, n = 2) or GH (LGH2, n = 3) immediately after the lesion, and BrdU, but they were sacrificed at 5 dpi ( Figure 11B ), without receiving rehabilitative therapy. Eight days after the arrival of animals they were trained for the paw-reaching-for-food task, a specific motor test for fine motor skills that we used in our previous studies [35, 36, 41] . In this test, carried out in a special cage, as described in a previous study from our group [41] , animals are conditioned to perform high-precision motor movements of extension and flexion of the forelimb fingers for obtaining food. Before carrying out the test, animals were housed individually and, as described before, food was restricted. In the paw-reaching-for-food test, rats were required to extend a forelimb through the hole, grasp and retrieve a pellet from the groove, take it to the mouth, and eat Eight days after the arrival of animals they were trained for the paw-reaching-for-food task, a specific motor test for fine motor skills that we used in our previous studies [35, 36, 41] . In this test, carried out in a special cage, as described in a previous study from our group [41] , animals are conditioned to perform high-precision motor movements of extension and flexion of the forelimb fingers for obtaining food. Before carrying out the test, animals were housed individually and, as described before, food was restricted. In the paw-reaching-for-food test, rats were required to extend a forelimb through the hole, grasp and retrieve a pellet from the groove, take it to the mouth, and eat it, as Figure 12 shows. Paw-reaching-for-food task in the test cage. Three consecutive photographs showing a rat in the test cage performing a successful response in the paw-reaching test during the training in the pre-surgical phase. The design of the test cage prevents the use of the tongue to retrieve food pellets or to rake the pellets.
Each time an animal succeeded in eating a pellet without dropping it was counted as a successful response. Dropping the pellet after grasping or raking it was considered as an unsuccessful response.
Each experimental animal was placed in the test cage in individual daily sessions lasting 3 min for 10-12 sessions (in the presurgical phase), for quantifying the number of successful and unsuccessful responses with both paws, and the preferred paw (right or left) of each animal was established. The total number of responses (successful and unsuccessful with both paws), and the percentage of successful responses with the preferred paw with regard to the total number of responses were scored. Furthermore, the paw-reaching test was used after inducing the injury (for testing the efficiency of it) and during the rehabilitative therapy as well ( Figure 11A ).
Frontal Motor Cortex Ablation
Under deep anesthesia with Equithesin, each rat was positioned in a stereotaxic apparatus and an incision was made over the forehead to expose the skull. Animals were randomly divided into two groups. One group (n = 15) was subjected to a unilateral frontal motor cortex lesion. The other group (n = 5) was sham-operated. Animals were lesioned by aspiration in the motor cortex contralateral to the preferred paw or sham-operated. Cortical ablation was performed at the coordinates indicated in previous studies [35, 36] , to remove the forelimb area of the motor cortex. A craniotomy was made unilaterally from 1 to 4 mm anterior to Bregma, and 1 to 3.5 mm lateral to the midline. Corpus callosum established the ventral limits of the lesion. Using an operating microscope, meninges were removed, and a glass pipette, connected to an aspiration pump, was introduced into the cortex to remove the tissue. The typical size and localization of cortical ablation resulting from this method has been described previously [35, 36] , and is depicted in Figure 13 . Each time an animal succeeded in eating a pellet without dropping it was counted as a successful response. Dropping the pellet after grasping or raking it was considered as an unsuccessful response.
Under deep anesthesia with Equithesin, each rat was positioned in a stereotaxic apparatus and an incision was made over the forehead to expose the skull. Animals were randomly divided into two groups. One group (n = 15) was subjected to a unilateral frontal motor cortex lesion. The other group (n = 5) was sham-operated. Animals were lesioned by aspiration in the motor cortex contralateral to the preferred paw or sham-operated. Cortical ablation was performed at the coordinates indicated in previous studies [35, 36] , to remove the forelimb area of the motor cortex. A craniotomy was made unilaterally from 1 to 4 mm anterior to Bregma, and 1 to 3.5 mm lateral to the midline. Corpus callosum established the ventral limits of the lesion. Using an operating microscope, meninges were removed, and a glass pipette, connected to an aspiration pump, was introduced into the cortex to remove the tissue. The typical size and localization of cortical ablation resulting from this method has been described previously [35, 36] , and is depicted in Figure 13 .
Control animals underwent the same surgical procedure in the motor cortex contralateral to the preferred paw, but no cortical ablation was induced in them (sham-operation). The effectiveness of the lesion was verified at 7 dpi; the paw-reaching test established whether the lesion had been effective: animals began to use their non-preferred paw for reaching food or the percentage of successful responses with the preferred paw was significantly decreased regarding previous values in the presurgical phase. group (n = 5) was sham-operated. Animals were lesioned by aspiration in the motor cortex contralateral to the preferred paw or sham-operated. Cortical ablation was performed at the coordinates indicated in previous studies [35, 36] , to remove the forelimb area of the motor cortex. A craniotomy was made unilaterally from 1 to 4 mm anterior to Bregma, and 1 to 3.5 mm lateral to the midline. Corpus callosum established the ventral limits of the lesion. Using an operating microscope, meninges were removed, and a glass pipette, connected to an aspiration pump, was introduced into the cortex to remove the tissue. The typical size and localization of cortical ablation resulting from this method has been described previously [35, 36] , and is depicted in Figure 13 . Control animals underwent the same surgical procedure in the motor cortex contralateral to the preferred paw, but no cortical ablation was induced in them (sham-operation). The effectiveness of Figure 13 . Motor frontal cortex ablation. Photograph of a rat brain with a motor cortex ablation (shown with a black arrow). At the bottom of the lesion is a slightly paler shade that corresponds to the corpus callosum (or white matter).
Treatment with GH and Rehabilitative Therapy
The injured animals were treated with GH (LGH1 group) or vehicle (LV1 group) immediately after motor cortex ablation. GH (rhGH, Saizen, Merck, Madrid, Spain; 0.15 mg/kg/day, s.c) was administered during five consecutive days commencing at 7 h post-ablation (LGH1) ( Figure 11A ). The other group of injured animals (LV1) received vehicle (0.1 M phosphate-buffered saline, pH 7.4, PBS), following the same temporal pattern as the animals treated with GH ( Figure 11A ). For control purposes, the group of sham-operated animals received vehicle (CV1 group).
Rehabilitative therapy with the forced use of the affected paw, was performed as described in our previous studies [35, 36, 41] ; it was carried out during nine consecutive days in daily sessions of 3 min, and it was applied to all animals (including sham-operated controls) ( Figure 11A ). Rehabilitative therapy began at 8 dpi, and the animals were sacrificed at 25 dpi ( Figure 11A ).
BrdU Administration
To analyze cell proliferation, 5-Bromo-2'-deoxyuridine (BrdU) was used. BrdU is a cell cycle marker used in the adult rodent brain [57] ; it is a thymidine analog that is incorporated into the newly synthesized DNA. In animals that were sacrificed at 25 dpi, to evaluate the functional effect of the GH treatment ( Figure 11A ), BrdU was administered together with 5-fluoro-2'-deoxyuridine (FdU), an inhibitor of thymidine synthesis, to overcome the toxic and mutagenic effects of BrdU. The dividing cells show greater avidity for BrdU when the availability of thymidine is limited; therefore, lower doses of BrdU can be used if combined with FdU [58] , overcoming the mutagenic effects of BrdU and poor incorporation into the dividing DNA, therefore allowing the labeling of all S-phase cells [59, 60] . No toxic or mutagenic effects of BrdU have been detected in animals injected with the BrdU/FdU mixture [61, 62] .
BrdU was dissolved in water at a concentration of 16 mg/mL. Animals received a daily injection of BrdU/FdU (30 mg/kg BrdU/3 mg/kg FdU, Merck, Madrid, Spain; ip) for four days. Injections commenced on day 1 after the lesion. No toxic effects of BrdU were detected along the 25 days of the experimental protocol.
In previous studies, we demonstrated that the lesion of hippocampus with kainic acid stimulated the proliferation of neural precursors in the hippocampus, and that this effect was significantly enhanced by the administration of GH [24] . In view of these findings, in this study some injured rats treated with vehicle (LV2) or GH (LGH2) were injected with BrdU using a saturation protocol (100 mg/kg), as in our previous study [24] , and euthanized at 5 dpi ( Figure 11B ); these animals did not receive rehabilitative therapy before being sacrificed.
Immunofluorescence
To analyze the effect of GH on cortical cell proliferation after injury, at 5 dpi, some rats (n = 5, Figure 11B ) were euthanized by intraperitoneal injection of Equithesin, and perfused transcardially with saline (0.9% NaCl) followed by a fixing solution (4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4, PBS). Brains were dissected, post-fixed in the same fixative and cryoprotected in 30% sucrose in PBS. Brains were cut in a freezing microtome, and 40-µm-thick coronal sections were collected sequentially in 24-well plates. For BrdU staining, sections were washed with PBS three times, denatured (2 N HCl) for 30 min at 37 • C, neutralized with several rinses with 0.1 M borate buffer, pH 8.5 for 30 min, and washed with PBS three more times. Following several rinses with PBS, sections were incubated in 0.1% sodium borohydride (NaBH 4 ) in PBS, to inactivate the autofluorescence, overnight at 4 • C. After several washes, the sections were incubated in a primary antibody solution: mouse anti-BrdU 1:100 (Abcam, ab136650, Cambridge, UK) and rabbit anti-doublecortin 1:1000 (Abcam, ab18723) in PBS with 10% goat normal serum and 0.3% Triton X-100, overnight, at 4 • C. The specificity of the labeling was verified in the control sections incubated without the primary antibodies, in them no specific labeling was observed. The sections were washed three times in PBS, and incubated with corresponding Cy2 and Cy3 conjugated, IgG, secondary antibodies, at 1:500 (Jackson Laboratories, Bar Harbor, ME, USA), in PBS with 10% goat normal serum and 0,3% Triton X-100, for 2 h at room temperature, in darkness. The sections were rinsed with PBS, mounted on slides and covered with Fluoroshield antifade reagent with DAPI (4,6-diamidino-2-phenylindole; F6057, Merck, Madrid, Spain).
Immunohistochemistry
On completion of the rehabilitative therapy, at 25 dpi, rats were euthanized by i.p. injection of Equithesin and perfused transcardially, as indicated before ( Figure 11A ). Brains were dissected, post-fixed in the same fixative, and cryoprotected in 30% sucrose in PBS. Brains were cut in a freezing microtome, and 40-µm-thick coronal sections were taken throughout the brain. Free-floating brain sections were used for immunohistochemical studies.
Sections were first incubated in 2N HCl and underwent several washes in borate buffer, as indicated previously for BrdU staining. Following several rinses with Tris-phosphate buffer saline, pH 7.4 (TPBS), sections were incubated in a block solution. The block solution included 3% horse normal serum and 0.2% Triton X-100 in TPBS. Then, the sections were incubated in primary antibody solution (mouse anti-BrdU, Abcam, 1:100 in TPBS with 1.5% horse normal serum) for 48 h, at 4 • C. After incubation with the primary antibody, the sections were rinsed several times in TPBS and then incubated in 0.3% hydrogen peroxide in TPBS for 12 min to inactivate the activity of the endogenous peroxidase. After several rinses with TPBS, sections were placed in the secondary antibody (1:200 biotinylated anti-mouse, IgG; Vector Laboratories, Burlingame, CA, USA) in TPBS. Sections were rinsed several times in TPBS and incubated at room temperature for 2 h in a horseradish peroxidase complex (ABC kit, Vector Laboratories). Immunoreactivity was then visualized using 3-3 'diaminobenzidine tetrahydrochloride (DAB). Each run of immunohistochemical processing included tissue from all groups to decrease the contribution of the effects of batches to immunostaining variability. The specificity of the labeling was verified in the control sections incubated without the primary antibody, in which no specific labeling was observed. Sections were mounted onto slides and cover-slipped with Entellan.
For nestin and actin detection, coronal sections were incubated in 0.3% hydrogen peroxide in TPBS for 12 min, at room temperature, to inactivate the activity of endogenous peroxidase. They were then subjected to several washes of TPBS, and then incubated in a block solution to avoid binding to non-specific proteins. The block solution was composed of 0.2% Triton X-100 and 3% horse normal serum in TPBS. Sections were incubated in a primary antibody solution (TPBS with 1.5% horse normal serum). The primary antibodies were anti-nestin (mouse, clone Rat-401, 1:90; Chemicon, Feltham, UK) or anti-actin (polyclonal rabbit antibody, 0.2 µg/mL; Merck). Incubations with the primary antibody were performed overnight, at room temperature (nestin) or at 4 • C (actin). After incubation with the primary antibody, the sections were rinsed several times in TPBS and then placed in the secondary antibody (1:200 biotinylated anti-mouse or anti-rabbit, IgG; Vector Laboratories) in TPBS. Sections were rinsed several times in TPBS and incubated at room temperature for 2 h in a horseradish avidin-peroxidase complex (ABC kit, Vector Laboratories). Immunoreactivity was then visualized using DAB. The specificity of antibody binding was verified with tissue sections incubated without primary antibody, in which no specific labeling was observed. The nestin and actin expression were restricted to the striatum and thalamus, subcortical brain areas involved in the motor activity.
Quantitative Analysis
Four animals (1 LGH2, 1 LV2, 1 LGH1, and 1 LV1) were analyzed at each time point after the injury. Five to 11 40-µm-thick coronal sections per brain were selected across the region of interest in each animal (from Bregma +4 mm to Bregma +1 mm for perilesional cortical BrdU studies). A systematic stereologic approach was used to count BrdU+ cells, in the perilesional (M1) motor cortex with the 10x objective. Cell counts were performed using ImageJ software (National Institutes of Health, Bethesda, MD, USA) and compiled and analyzed. Counting was performed by a blinded observer. Nestin reaction intensity was determined as arbitrary units (AU) of gray level (scale between 0, representing absolute white, and 255, indicating absolute black) with ImageJ free viewer software (National Institutes of Health).
Statistical Analysis
The data analysis was performed using the Statview and SPSS programs. The group of animals treated with GH was compared to the group treated with vehicle and the control sham-operated group. We compared the total number of responses (successful + unsuccessful with both paws) and the percentage of successful responses with the preferred paw with respect to the total number of responses. Fine motor skills results were analyzed by two-way (group and session) analysis of variance (ANOVA). When global ANOVA showed a significant difference among groups (p ≤ 0.05), partial ANOVA comparing the different groups in each session was performed. The Bonferroni post hoc test (p ≤ 0.0167) was used to compare the individual means. Student's t-test was used to compare the means in immunofluorescence and immunohistochemistry studies.
Conclusions
From our data, we can conclude that GH is a very important factor in the repair of an injured brain, but its administration has to be accompanied by rehabilitative therapy in order to achieve functionally significant improvements. GH administration and rehabilitation induce significant nestin re-expression in the undamaged contralateral motor cortex, but this effect seems to depend on mechanisms of neural plasticity in resident cortical cells, and not on neurogenesis. GH administration also increases the expression of nestin in the striatum of injured rats, which may be involved in the functional recovery after frontal motor cortex ablation. This damage, by itself, induces the expression of nestin and actin in the activated microglia/macrophage cells in the VA/VL thalamic complex ipsilateral to the lesion produced, which probably plays a key role in the remodeling of the cellular cytoskeleton and allows the development of the compensatory brain plasticity responsible for the observed functional improvements. We cannot discount the possibility that some of the changes observed could be due to the induction by GH of the expression of some neurotrophic factors, such as IGF-I, GDNF or BDNF, since these factors play an important role in brain repair after an injury [17, 63] . 
